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A B S T R A C T   

There is evidence that hypoglycemic stress can interact with other stressors, and that ketamine can mitigate the 
impact of these stressors on behavior and physiology. The current study in male Sprague-Dawley rats investi
gated whether pre-treatment with 0, 10, or 20 mg/kg ketamine could modulate the interaction between hypo
glycemia induced by 0 or 300 mg/kg 2-deoxy-D-glucose (2-DG) and the psychophysical stress of forced 
swimming (FSS; 6 sessions, 10 min/session) on serum concentrations of corticosterone (CORT) and the pro- 
inflammatory cytokine, tumor necrosis factor (TNF)-α. It was found that 2-DG enhanced the CORT response to 
an initial session of FSS, and this effect dissipated after multiple sessions. More importantly, animals displayed 
significantly higher levels of CORT and lower levels of TNF-α in response to a drug-free test swim conducted 1 
week after exposure to the combined stressors, and these responses were not observed in rats that were pre- 
treated with ketamine. Overall, these findings indicate that ketamine has the potential to reduce the negative 
impact of interacting stressors on the biological reactivity of the hypothalamic-pituitary-adrenal axis and the 
immune system.   

Introduction 

There is increasing interest in understanding the link between 
metabolic and mood disorders (Anderson et al., 2001; Lustman and 
Clouse, 2005). Hypoglycemia is a physiological state characterized by 
low glucose utilization and widespread energetic stress (Harrell et al., 
2016). Interestingly, hypoglycemia negatively impacts mood (Horman 
et al., 2018) and hedonic tone (Gold et al., 1995) in several species, and 
can interact with other stressors to enhance their effects on behavior and 
physiology (Deak et al., 2005; Remus et al., 2015). For example, Mel
anson et al. (2021) recently found that hypoglycemia induced by the 
glycolytic inhibitor, 2-deoxy-D-glucose (2-DG), interacted with forced 
swimming stress (FSS)—a psychophysical stressor (Balkan et al., 2012; 
Imbe and Kimura, 2015)—to amplify depressive-like behavioral re
sponses in rats. 

There is evidence that interacting hypoglycemic and psychophysical 
stressors can impact the hypothalamic-pituitary-adrenal (HPA) axis as 
well as components of the immune system. The HPA axis is a neuroen
docrine system that is activated in response to many types of stressors 
including hypoglycemia (Razavi Nematollahi et al., 2009) and forced 
swimming (Dal-Zotto et al., 2000). Upon activation, the adrenal glands 

release the glucocorticoid corticosterone (cortisol in humans; CORT) 
into the blood (Herman et al., 2016), which primarily functions to 
allocate energy resources toward vital organs (i.e., brain) that are 
required to overcome environmental threats (Herman et al., 2016; Kuo 
et al., 2015; Myers et al., 2013). Pro-inflammatory cytokines are 
signaling proteins of the immune system that regulate inflammation and 
the immune response, and which also respond to a variety of stressors 
(Carroll et al., 2011; López-López et al., 2016; Timberlake et al., 2019). 
For example, blood levels of the pro-inflammatory cytokines interleukin 
(IL)-6 and tumor necrosis factor (TNF)-α increase following exposure to 
hypoglycemia (Dréau et al., 2000; Drummond et al., 2018) as well as 
forced swimming (Himmerich et al., 2013). Moreover, 
pro-inflammatory cytokines, such as TNF-α, are implicated in a variety 
of physiological processes, like glucose metabolism (De Alvaro et al., 
2004; Lorenzo et al., 2008) and activation of the HPA axis (Dunn, 2006), 
which are impacted by hypoglycemic (Engelsen et al., 1986; Tasker 
et al., 1992) and psychophysical stressors (Borsoi et al., 2015; Dal-Zotto 
et al., 2000). 

Given the high prevalence of metabolic and mood disorders (Nou
wen et al., 2019) and their significant burden of disease in North 
America (World Health Organization, 2016, 2017), it is important to 
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investigate pharmacological tools that may have clinical utility. There
fore, the current study investigated whether the glutamate N-methyl-
D-aspartate (NMDA) receptor antagonist, ketamine, can modulate the 
interaction between hypoglycemia induced by 2-DG (Melanson et al., 
2021) and psychophysical stress induced by FSS (Balkan et al., 2012) on 
serum levels of CORT and TNF-α. Typically, ketamine is used to induce 
anesthesia in surgical settings (Gao et al., 2016), but recent clinical 
studies have also demonstrated its utility as a rapid-acting antidepres
sant drug (Niciu et al., 2018; Phillips et al., 2019). Importantly, 
pre-clinical studies have shown that pre-treatment with another NMDA 
receptor antagonist, MK-801, can block hypoglycemia-induced 
apoptosis of neurons (Tasker et al., 1992; Wieloch, 1985). As well, 
pre-treating rodents with ketamine induces prophylaxis against future 
stressors (Amat et al., 2016; Brachman et al., 2016); and, lowers blood 
(Gonçalves et al., 2021; Zhan et al., 2020) and central (Zhang et al., 
2016) levels of pro-inflammatory cytokines (Mastrodonato et al., 2020; 
Walker et al., 2015). Finally, ketamine also reverses depressive-like 
behaviors induced by hypoglycemic and psychophysical stressors 
(Melanson et al., 2021). In the current study, it was found that inter
acting hypoglycemic and psychophysical stress amplified CORT and 
TNF-α responses well after exposure to the combined stressors, and that 
pre-treatment with ketamine attenuated these effects. These findings 
indicate that ketamine has the potential to reduce the negative impact of 
interacting stressors on the biological reactivity of the HPA axis and 
immune system. 

Experimental procedures 

Subjects 

A total of 66 male Sprague-Dawley rats (Charles River, QC) weighing 
between 250 and 275 g upon arrival to the laboratory were individually 
housed in standard rat cages (polycarbonate; 50.5 × 48.5 × 20 cm) 
with bedding and standard environmental enrichment. Upon arrival, 
rats were given 1 week to acclimate to the animal facility and were 
maintained on a 12-h reverse light/dark schedule (lights off 0700 h, 
lights on 1900 h). All behavioral testing was conducted during the dark 
period. Tap water and chow (Teckblad Global 18% Rodent diet, Envigo 
RMS Inc., Indianapolis, IN, USA) were available ad libitum throughout 
all experiments. This study was approved by the Animal Care Committee 
of the University of Guelph and were carried out in accordance with the 
recommendations of the Canadian Council on Animal Care. 

Apparatus 

Forced swimming stress 
The forced swimming stress protocol used in the current study has 

been previously described by Melanson et al. (2021). Briefly, FSS was 
conducted in four transparent Plexiglass cylinders in a dimly lit room, 
and each cylinder was filled with tap water (23 ± 1 ◦C) to a depth of 40 
cm. 

Tissue collection and analysis 

Blood collection 
Blood samples (approximately 250 µl per sample) were collected via 

saphenous vein using Sarstedt Microvette CB300 Capillary tubes 
(Fischer Scientific; Cat No: NC9059691) and allowed to coagulate at 
room temperature for at least 90 min. Whole blood was then centrifuged 
at 2000g for 15 min at 4 ◦C to separate serum. Aliquots of serum were 
pipetted into 1.5 ml Eppendorf Microcentrifuge tubes (Fisher Scientific; 
Cat No: 05-402) and stored at -80 ◦C until analysis. Blood samples for 
each test were collected within 2 min to avoid any potential influence of 
the stress caused by the restraining method used to collect each sample 
(Lovelock and Deak, 2017). 

Competitive enzyme-linked immunosorbent assay 
Serum concentrations of CORT were determined using competitive 

enzyme-linked immunosorbent assay (ELISA) kits purchased from R&D 
systems (Cat. No. KGE009; Minneapolis, MN). The competitive binding 
immunoassay was carried out according to the manufacturer’s in
structions to detect unknown concentrations of CORT in serum samples. 
Following a series of wash, incubation, and reaction development steps, 
the microplate was read at 450 nm to determine the optical density (O. 
D.) of each well. O.D. values were quantified relative to a standard curve 
that was run with each plate and concentrations are reported in ng/ml. 
Serum samples were run in duplicates with an intra-assay coefficient of 
variation (CV) of < 10% and an inter-assay CV of < 15%. 

Sandwich enzyme-linked immunosorbent assay 
Serum concentrations of TNF-α were determined using sandwich 

ELISA kits purchased from R&D Systems (RTA00; Minneapolis, MN). 
The sandwich immunoassay was carried out according to the manu
facturer’s instructions to detect unknown concentrations of TNF-α in 
each sample. Following a series of wash, incubation, and reaction 
development steps, the microplate was read at 450 nm to determine the 
O.D. of each well. O.D. values were quantified relative to a standard 
curve run with each plate and concentrations are reported in pg/ml. 
Serum samples were run in duplicates with an intra-assay CV of < 10% 
and an inter-assay CV of < 15%. 

Drugs 

2-DG (Sigma-Aldrich, St. Louis, MO) was dissolved in 0.9% saline 
(wt/vol) and injected subcutaneously (SC) at a volume of 1 ml/kg. The 
300 mg/kg dose of 2-DG was chosen based on its aversive and stress- 
inducing characteristics reported by Horman et al. (2018). Moreover, 
a previous experiment in our laboratory that investigated the interaction 
between 0, 200, or 300 mg/kg 2-DG and FSS on CORT levels found that 
the most robust effect was at 300 mg/kg 2-DG (unpublished 
observations). 

Ketamine hydrochloride (Narketan; 100 mg/ml) was diluted with 
0.9% saline (wt/vol) and injected intraperitoneally (10 or 20 mg/kg, IP) 
at a volume of 1 ml/kg. Doses for ketamine were chosen based on their 
ability to reverse stress-induced immobility in the rat forced swim test 
(Carrier and Kabbaj, 2013; Zhang et al., 2016) and their prophylactic 
effects against stress in rodents (Amat et al., 2016; Melanson et al., 
2021). 

Procedures 

Rats in the Swim stress condition were randomly assigned to one of 
six experimental groups (n = 8 per group): (1) 0 mg/kg 2-DG and 0 mg/ 
kg Ketamine; (2) 300 mg/kg 2-DG and 0 mg/kg Ketamine; (3) 0 mg/kg 
2-DG and 10 mg/kg Ketamine; (4) 300 mg/kg 2-DG and 10 mg/kg Ke
tamine; (5) 0 mg/kg 2-DG and 20 mg/kg Ketamine; and (6) 300 mg/kg 
2-DG and 20 mg/kg Ketamine (see Fig. 1). One hour prior to FSS, all rats 
were pre-treated with their respective dose of ketamine, and 30 min 
later they were injected with their respective dose of 2-DG. Thirty mi
nutes following injections of 2-DG, all rats were exposed to FSS for 10 
min. This procedure was carried out for 5 daily sessions of FSS exposure, 
with each session separated by 24 h (FSS1–5; Fig. 1). Blood was sampled 
20 min after FSS1 (Blood Test 1) and FSS5 (Blood Test 2) as well as before 
and 20 min after a drug-free Test Swim (Baseline and Blood Test 3, 

Fig. 1. Experimental design.  
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respectively) that was performed 7 days after the last consecutive swim 
session (FSS5). This period was selected because it has been reported 
that high intensity stressors can alter reactivity to FSS when animals are 
tested 7 days after stress termination (Belda et al., 2016). The 20 min 
time point was selected because blood CORT levels peak around this 
time following FSS (Dal-Zotto et al., 2000). 

To control for possible effects of forced swimming stress alone on 
serum CORT and TNF-α concentrations, blood was sampled at the same 
timepoints in one additional group of rats in a No Swim stress control 
condition. These rats were injected with either 0.9% saline only (wt/vol; 
n = 6), or with 300 mg/kg 2-DG only (n = 6), or with 20 mg/kg keta
mine only (n = 6), and were then exposed to dry swim cylinders for 
FSS1–5 and the drug-free Test Swim. 

Statistical analysis 

Two-way independent or mixed sample design analyses of variance 
(ANOVA) were used where appropriate. Significant interactions were 
followed by multiple comparisons using the Bonferroni method. Blood 
analytes (i.e., CORT and TNF-α) were analyzed using separate two-factor 
independent design ANOVAs for Blood Test 1 and 2, respectively, while 
a two-factor mixed design ANOVA was used to compare blood analytes 
at Baseline and Blood Test 3 in Swim Stress rats. Finally, in No swim 
stress controls, analytes from all blood samples were compared using a 
two-factor mixed design ANOVA. One- and two-factor ANOVAs were 
conducted using SigmaPlot (v.12.5 for Windows) and the threshold of 
significance was set at α ≤ 0.05. The exact values of non-significant 
analyses are not reported. 

Results 

Corticosterone 

Swim stress condition: Fig. 2A represents mean (SEM) serum CORT 
concentrations on Blood Test 1 in rats pre-treated with 0, 10, or 20 mg/ 
kg ketamine, and 30 min later injected with 0 or 300 mg/kg 2-DG prior 
to the first session of forced swimming stress (FSS1). The ANOVA 
revealed a significant main effect of 2-DG dose group [F(1,47) = 7.302, 
p = 0.01] and multiple comparisons on marginal means indicated that 
CORT levels were increased by 2-DG regardless of the ketamine pre- 
treatment (p < 0.01). Fig. 2B represents mean (SEM) serum CORT 
concentrations on Blood Test 2, and no significant group differences 
were observed. Fig. 2C represents mean (SEM) serum CORT concen
trations at Baseline and on Blood Test 3 following the drug-free Test 
Swim. The ANOVA revealed a statistically significant interaction be
tween Group and Blood Test [F(5,95) = 3.228, p = 0.015] as well as a 
significant main effect of Blood Test [F(1,95) = 302.731, p < 0.001]. 
Multiple comparisons further indicated that CORT levels were signifi
cantly higher in rats injected with 2-DG in comparison to their vehicle 
counterparts in the 0 mg/kg ketamine group only (p < 0.001), although 
CORT was significantly elevated on Blood Test 3 in all groups relative to 
their respective baseline concentrations (p < 0.001). 

No swim stress condition: Mean (SEM) CORT concentrations 
observed in rats injected with saline, 20 mg/kg ketamine, or 300 mg/kg 
2-DG and not exposed to swim stress are included in Table 1. The 
ANOVA revealed a statistically significant interaction between Group 
and Blood Test [F(6,71) = 3.949, p = 0.003] as well as main effects of 
Group [F(2,71) = 4.485, p = 0.030] and Blood Test [F(3,71) = 3.279, 
p = 0.029]. Multiple comparisons further indicated that CORT increased 
on Blood Test 2 in rats administered 5 daily injections of 2-DG compared 
to rats injected with saline (p < 0.05) or ketamine (p < 0.001). More
over, in rats injected with 2-DG, CORT levels were significantly 
increased on Blood Test 1 in comparison to Baseline (p < 0.05), and on 
Blood Test 2 in comparison to Baseline (p < 0.001) and Blood Test 3 
(p < 0.01). That is, CORT levels significantly increased when rats were 
administered one or five injections of 2-DG, but when the same rats were 

tested in a drug-free state 1 week later, CORT concentrations had 
returned to control levels. 

TNF-α 

Swim stress condition: Fig. 3A represents mean (SEM) serum TNF-α 
concentrations on Blood Test 1, and no significant group differences 
were observed. Fig. 3B represents mean (SEM) serum TNF-α concen
trations on Blood Test 2 and again, no significant group differences were 
observed. Fig. 3C represents mean (SEM) serum TNF-α concentrations at 
Baseline and on Blood Test 3 following the drug-free Test Swim, and the 
ANOVA revealed a statistically significant interaction between Group 
and Blood Test [F(5,95) = 3.377, p = 0.012] and a significant main 
effect of Blood Test [F(1,95) = 19.822, p < 0.001]. Multiple compari
sons further indicated that TNF-α levels significantly decreased 
compared to baseline levels in rats previously administered 5 daily in
jections of 2-DG on FSS1–5 (p < 0.01), regardless of their co- 
administered dose of ketamine. Importantly, rats injected with 

Fig. 2. Mean (SEM) serum corticosterone concentration (ng/ml) on Blood Test 
1 (Panel A), Blood Test 2 (Panel B), and Blood Test 3 (Panel C). The solid lines 
represent mean (SEM = dotted lines) Baseline level of corticosterone within 
each group. Asterisk (*) indicates a significant main effect of 300 mg/kg 2-DG. 
Ampersand (&) indicates a significant main effect of swim stress (between 
Baseline and Blood Test 3; see Fig. 1). Double asterisk (**) indicates a signifi
cant difference in comparison to 0 mg/kg 2-DG within ketamine dose group. 
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300 mg/kg 2-DG displayed significantly lower levels of TNF-α on Blood 
Test 3 in comparison to their vehicle counterparts within 0 mg/kg ke
tamine (p < 0.05) and in comparison to rats injected with 300 mg/kg 2- 

DG and pre-treated with 20 mg/kg ketamine (p < 0.05). That is, all rats 
injected with 2-DG displayed a significant decrease in TNF-α levels from 
Baseline to Blood Test 3, and the magnitude of this effect was attenuated 
by pre-treatment with 20 mg/kg ketamine. 

No swim stress condition: Mean (SEM) TNF-α concentrations 
observed in the rats injected with saline, 20 mg/kg ketamine, or 
300 mg/kg 2-DG and not exposed to swim stress are reported in Table 1. 
The ANOVA revealed only a significant main effect of Blood Test [F 
(3,71) = 25.760, p < 0.001]. Multiple comparisons on marginal means 
further indicated that serum TNF-α levels increased overall on Blood 
Test 3 compared to Blood Test 1, Blood Test 2, and Baseline samples 
(p < 0.001). 

Discussion 

There is evidence that hypoglycemia can interact with other stressors 
(Deak et al., 2005; Remus et al., 2015), and that ketamine can mitigate 
the impact of these stressors on behavior (Melanson et al., 2021) and 
physiology (Garcia et al., 2009; Tan et al., 2017). The current study in 
male Sprague-Dawley rats investigated whether pre-treatment with 0, 
10, or 20 mg/kg ketamine could modulate the interaction between hy
poglycemia induced by 0 or 300 mg/kg 2-deoxy-D-glucose (2-DG) and 
the psychophysical stress of forced swimming (FSS; 6 sessions, 
10 min/session) on serum concentrations of the stress-responsive 
glucocorticoid CORT (Herman et al., 2016), and the pro-inflammatory 
cytokine TNF-α (Van Heesch et al., 2013). It was found that the first 
injection of 2-DG enhanced the CORT response to an initial session of 
FSS and that this effect dissipated after multiple 2-DG injections/ses
sions. Moreover, rats displayed significantly higher levels of CORT and 
lower levels of TNF-α in response to a drug-free Test Swim conducted 1 
week after exposure to the combined stressors. Importantly, however, 
these effects were not observed in rats that received ketamine. Taken 
together, these findings indicate that ketamine has the potential to 
reduce the negative impact of interacting stressors on biological reac
tivity of the HPA axis and immune system. 

The current study generated two major findings supporting the idea 
that ketamine modulated the interaction between hypoglycemia and 
psychophysical stress. First, the amplified CORT response that was 
observed in 2-DG-injected rats following exposure to the Test Swim did 
not occur in animals that were treated with ketamine (Fig. 2, Panel C). 
This finding is consistent with the interpretation that ketamine exhibits 
anti-stress effects (Amat et al., 2016), is prophylactic against future 
stressors (Brachman et al., 2016; Mastrodonato et al., 2020; Parise et al., 
2013), and can normalize output of the HPA axis up to 1 week following 
repeated stress (Garcia et al., 2009). Second, TNF-α levels decreased 
following the Test Swim in all rats exposed to multiple injections of 
2-DG, and the magnitude of this suppression was significantly reduced 
by ketamine (Fig. 3, Panel C). This finding is consistent with the sug
gestion that ketamine can regulate the immune response to various 
stressors (Chang et al., 2016; Mastrodonato et al., 2020). But, while 
previous studies have emphasized the ability of ketamine to reduce 
inflammation caused by various forms of stress (Chang et al., 2010; 
Clarke et al., 2017; Zhang et al., 2016), the current findings provide 
first-time evidence that prophylactic ketamine can also block 

Table 1 
Mean ± SEM serum CORT and TNF-α concentrations for each Blood Test in rats injected with saline, 20 mg/kg ketamine, or 300 mg/kg 2-DG and exposed to an empty 
swim tank on FSS1–5 as well as the Test Swim (i.e., No swim stress control condition). Values that share a similar bold letter are significantly different from each other. 
Asterisk indicates a significant difference in the level of TNF-α compared to all other Blood Tests overall.  

Analyte 2-DG dose Ketamine dose Blood Test 1 Blood Test 2 Baseline Blood Test 3* 

CORT 0 mg/kg 0 mg/kg  43.43 ± 4.50  49.97 ± 6.83e  48.42 ± 10.85  67.07 ± 6.90 
0 mg/kg 20 mg/kg  40.25 ± 9.59  33.96 ± 3.12d  32.17 ± 7.05  46.07 ± 5.33 
300 mg/kg 0 mg/kg  64.06 ± 3.91a  78.63 ± 10.22b,c,d,e  29.95 ± 3.25a,b  42.96 ± 12.42c 

TNF-α 0 mg/kg 0 mg/kg  5.81 ± 0.20  6.01 ± 0.28  6.66 ± 0.71  10.12 ± 1.28 
0 mg/kg 20 mg/kg  6.22 ± 0.23  5.76 ± 0.34  6.64 ± 0.34  10.23 ± 1.01 
300 mg/kg 0 mg/kg  6.81 ± 0.28  6.46 ± 0.41  5.97 ± 0.33  8.73 ± 0.69  

Fig. 3. Mean (SEM) serum TNF-α concentrations (ng/ml) on Blood Test 1 
(Panel A), Blood Test 2 (Panel B), and Blood Test 3 (Panel C). The solid lines 
represent mean (SEM = dotted lines) Baseline level of TNF-α within each 
group. The at (@) symbol indicates a significant main effect of 300 mg/kg 2-DG 
dose group. Double asterisk (**) indicates a significant difference in comparison 
to 0 mg/kg 2-DG within 0 mg/kg ketamine dose group. Pound (#) symbol in
dicates a significant difference in comparison to rats exposed to 300 mg/kg 2- 
DG and 0 mg/kg ketamine. 
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stress-induced immunosuppression (Connor et al., 2005; Hou et al., 
2016). 

While the exact mechanisms underlying ketamine’s modulation of 
these responses remain unclear, there are several possibilities. First, it 
has been found that NMDA receptor antagonists can block 
hypoglycemia-induced lesions to stress-sensitive brain regions (Tasker 
et al., 1992; Wieloch, 1985) and that ketamine, also an NMDA receptor 
antagonist, can reverse deficits in glucocorticoid receptor (GR) density 
caused by repeated stress (Fraga et al., 2021). Because lesions (Herman 
et al., 2016) or knockdown of GRs (McKlveen et al., 2013) in 
stress-sensitive regions of the brain amplify the CORT response to acute 
stress, it is possible that ketamine may have preserved HPA output in the 
current study by maintaining cellular and/or molecular mechanisms of 
negative feedback of the HPA axis (Herman et al., 2016). Second, ke
tamine may have directly modulated lymphocyte activity as NMDA re
ceptor density is increased on lymphocytes activated by hypoglycemia 
(Iqbal et al., 2019) and is associated with suppression of 
pro-inflammatory cytokine release in vitro (Mashkina et al., 2010). 
Third, ketamine can reduce serum levels of soluble TNF-α receptor-1 
(sTNFR1; Park et al., 2017), which is known to sequester TNF-α and 
cause reductions of this cytokine in the blood (Engelmann et al., 1990; 
Idriss and Naismith, 2000). Moreover, there is evidence that individuals 
with impaired glucose metabolism display elevated plasma levels of 
sTNFR1 (Mattisson et al., 2017), suggesting that prolonged activity of 
sTNFR1 and/or lymphocytes may have played a role in the suppressed 
TNF-α response induced by 2-DG and the effects of ketamine observed in 
this study. 

Previous studies have reported that swim stress alone (Dal-Zotto 
et al., 2000; Himmerich et al., 2013) and 2-DG alone (Deak et al., 2005; 
Dréau et al., 2000; Horman et al., 2018) can increase blood levels of 
CORT and TNF-α in rodents. In the current study, serum levels of CORT 
increased following exposure to swim stress and to injections of 2-DG 
(Table 1), which is consistent with previous studies reporting 
increased CORT levels in response to forced swimming (Dal-Zotto et al., 
2000) and experimentally-induced hypoglycemia (Deak et al., 2005; 
Horman et al., 2018; Razavi Nematollahi et al., 2009). Neither stressor 
alone significantly impacted TNF-α levels. When these stressors were 
combined, the CORT response was significantly enhanced as early as the 
first session of FSS (Blood Test 1; Fig. 2, Panel A) and, when the same 
animals were tested 1 week later, those exposed to the combined 
stressors displayed an amplified CORT response (Fig. 2, Panel C) and a 
suppressed TNF-α response (Fig. 3, Panel C). These findings are consis
tent with the idea that different stressor types can interact to dysregulate 
the CORT and inflammatory responses (Deak et al., 2005; Lovelock and 
Deak, 2017), and that exposure to high-intensity stressors can amplify 
the CORT response to brief, psychophysical stress (Belda et al., 2016). 
Interestingly, the differences in physiological response observed on the 
Test Swim in comparison to Blood Test 1 and 2 may have been the result 
of time-dependent sensitization (Antelman et al., 2000), a form of 
metaplastic adaptation that generates an amplified physiological 
response with the passage of time between an initiating (i.e., interacting 
2-DG and FSS) and challenging (i.e., Test Swim) stressor (Bell and Koi
than, 2012). Thus, it is possible that time-dependent sensitization of 
biological processes involved in HPA axis activation (Harvey et al., 
2003; Sorg et al., 1994) and stress-induced immunomodulation (Frank 
et al., 2007, 2012; Golovatscka et al., 2012; Miller et al., 2019) 
contributed to the amplified CORT and TNF-α responses in the current 
study. Nevertheless, these novel findings provide potential physiological 
mechanisms that may underly the combined effect of hypoglycemic and 
psychophysical stressors on depressive-like behaviors previously re
ported by Melanson et al. (2021). 

It should be noted that although CORT levels were unaffected by 
ketamine on Blood Tests 1 and 2 (Fig. 2, Panels B & C), it has been re
ported that ketamine can both reduce CORT (Juven-Wetzler et al., 2014) 
and elevate CORT (Radford et al., 2020) in rats. These apparently 
discrepant findings are likely to result from differences in the timing of 

blood collection and duration of administration. Specifically, Juven-
Wetzler et al. (2014) examined CORT levels at 20 min following an IP 
injection of ketamine, while Radford et al. (2020) assessed CORT 
immediately after cessation of a 2 h ketamine infusion. Importantly, this 
increase in CORT following a ketamine infusion was not evident when 
CORT levels were re-assessed at 2 h post-administration (Radford et al., 
2018), which is similar to the findings in the current study as blood 
samples were collected at least 80 min following the injection of keta
mine. Moreover, in the current study, ketamine alone had no effect on 
CORT levels in the No Swim stress condition (Table 1), which suggests 
that if ketamine does impact CORT levels as previously described, this 
effect may be time-dependent and limited to the first hour following 
drug administration. 

Overall, the current study demonstrates, for the first time, that ke
tamine can prevent the impact of interacting hypoglycemic and psy
chophysical stressors on CORT and TNF-α responses, further supporting 
its application in the treatment of psychiatric conditions characterized 
by HPA axis hyperreactivity and altered immune profiles, such as 
depression (Kiraly et al., 2017; Swaab et al., 2005). As well, the current 
data also point towards a possible mechanistic link in comorbid meta
bolic and mood disorders, like diabetes and depression (Pashaki et al., 
2019). Finally, the current data, in combination with behavioral data 
reported by Melanson et al. (2021), provide a potential physiological 
basis by which ketamine could exhibit its antidepressant and prophy
lactic effects, and further suggests CORT and TNF-α as potential bio
logical markers of ketamine’s treatment response in depressed 
individuals (Rong et al., 2018). 
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